Multilayered composites composed of pure copper and titanium (Cu/Ti) have been fabricated by accumulative roll bonding (ARB). The macroscopic lamellar structures, mechanical properties and microstructures of the composites are investigated. The results show that the Cu and Ti layers are bonded well during the ARB processing. With the increasing number of ARB cycles, Ti layers start to neck, fracture and even segregate within the Cu matrix, which is attributed to the activation of shear bands that cut through the multiple metal layers. At larger ARB cycles, the distribution of small fragmentations of Ti inside the Cu matrix is more homogeneous, which is attributed to the fact that the outer surfaces of the previously processed composite are placed in the interior of the subsequent ARB stack. Tensile testing at room temperature shows that the yield strength and the ultimate strength of the composites increased mildly with the increasing ARB cycles, while the uniform elongation of the composites is retained. Microhardness tests reveal that the increase of strength in the composites during ARB mainly results from the reinforcement of the Ti layers. The mechanical behaviors of the composites can be attributed to the effect of the mixed microstructures in the both constituent metals.
Introduction
Metallic multilayered composites (MMCs) belong to a new class of materials where alternative thin layers of metals are combined into a single structural unit to improve a diversity of properties [1] [2] [3] . Metallic multilayered materials produced from dissimilar metals combine the unique advantages of the constituent metals and show better properties than the individual metals. Multilayered materials can be produced by bottom-up processes like electro deposition 4) , iron sputtering 5) , vapor deposition 6) and magnetron sputtering deposition. Unfortunately, these methods could not produce multilayers on a large scale and in signi cant quantities, which limits their potential application in industry. On the contrary, with the development of bulk forming techniques such as accumulative roll bonding (ARB), it is possible to produce multilayered materials with large dimensions 1) . ARB processing has been used as a novel and applicable method for fabricating multilayered composites in a relatively simple and inexpensive manner 7, 8) . At the same time, ARB belongs to a severe plastic deformation (SPD) method. By introducing structural defects like dislocations into the deformed composites, it is capable of providing ultra ne grained microstructures for an ARBed bulk material 9, 10) . During the ARB processing, with the increasing cycles the typical microstructure includes necking and fracturing of the hard phase. This phenomenon is related to the development of shear bands, as interface instability induced by large trans-interface shear tend to occur in the multilayered structures [11] [12] [13] . The difference in mechanical properties between the constituent phases is the origin of this strain incompatibility at the hetero-interface. On the other hand, symmetric rolling can be simpli ed as a deformation mode of plane strain compression. For a multilayered composite produced by ARB, as the soft phase is stretched more in the rolling direction than the hard phase, shear stress is generated between the neighboring phases. The shear stress acting on the surface of the hard phase then leads to the tension of the phase and makes it behave like under the tensile testing. When the shear stress exceeds the yield strength of the phase, necking takes place 14) and the plastic instability even results in fracture of the phase 15) . It is well known that Titanium, with a hexagonal-closepacked (hcp) crystallographic structure, exhibits great potential as structural materials in many elds 16, 17) due to its high strength, good fatigue performance, suf cient corrosion resistance and excellent biocompatibility 18) . However, the formability of Ti is low because of its limited number of slip systems at ambient temperature 19) . On the contrary, Copper, with a face-centered-cubic (fcc) structure, shows excellent formability as well as good thermal and electrical conductivities. However, the strength of Cu is low, as strengthening of metals is usually contradictory to the improvement of plastic stability and electrical conductivity. Therefore, it is anticipated that the multilayered Cu/Ti composites produced via ARB technique could combine the above-mentioned advantages of the individual metals. At the same time, by introducing a large number of hetero-interfaces into the composite structure, many desired properties, such as high strength and plasticity, good corrosion resistance and radiation resistance could be obtained [20] [21] [22] [23] . Up to now, numerous studies on the ARB processed materials consisting of dissimilar metals have been conducted. Among those, the main focus is placed on the multilayered composites including fcc/fcc or fcc/bcc (bcc: body-centered-cubic) heterophase interfaces, such as Cu/Ag 4, 12) , Cu/Al 3, 24) , Cu/Nb 6, 23, 25) and Cu/Ta 14) . However, the investigation on the hcp material systems is quite limited. Only the mechanical behaviors in Mg/Al 19, 26) and Cu/Zr 12, 27) composites are studied systematically. In this work, we aim to study the inhomogeneous microstructure and deformation behavior of multilayered Cu/Ti composites produced by ARB, which was rarely studied in previous studies. The layout of the paper is as follows: First, the lamellar structures and mechanical properties of the composites after different ARB cycles are presented. Then to explore micromechanisms that contribute to the deformation behaviors of the composites, microstructures of the respective metals after ARB are presented. Finally, the mechanical stability of the composites after annealing is evaluated.
Experimental Procedures

ARB fabrication of Cu/Ti composites
The materials used for fabricating multilayered composites were two kinds of metal sheets, i.e. commercially available pure Ti (99.7 mass%) and pure Cu (99.9 mass%) that were cut into the same dimension of 120 mm (length) × 50 mm (width) × 1 mm (thickness). In order to weaken the stress and primary textures, the Ti and Cu sheets were annealed at 700 C for 60 min and at 200 C for 20 min in a vacuum furnace, respectively. First, the surfaces of the metal sheets were degreased in acetone and wire brushed. Then, four pieces of Cu and three pieces of Ti sheets were mutually stacked with the sequence of Cu/Ti/Cu/Ti/Cu/Ti/Cu. They were fastened tightly by aluminum rivets to produce a sandwich stack. The stack was pre-heated at 300 C for 20 min in a vacuum furnace and then subjected to warm roll bonding in a two high rolling mill with the rolling velocity of 1 m/min. The thickness reduction was 65% in the rolling pass. Subsequently, the rolled composite was annealed at 500 C for 90 min, in order to enhance the diffusion and postpone the occurrence of plastic instabilities 7) . The composite was then cut into several pieces with the same area. After the above-mentioned preparation, i.e., degreasing and wire brushing of the contacting surfaces, the composites were stacked, pre-heated and subjected to the second roll bonding. The above intermediate annealing and roll bonding treatments were repeated three times and a thickness reduction of 65% was maintained for each cycle. Table 1 shows the total number of metal layers after each ARB cycle, the corresponding nominal layer thickness h, and the corresponding equivalent true strain e. e is calculated as e = ln(h 0 /h), where h 0 is the initial layer thickness. It should be mentioned that the Cu-Ti bonding was created only during the rst ARB cycle, and all the subsequent bonding steps only involved the bonding of Cu on Cu.
Microstructural characterization
To characterize the multilayered morphology of the Cu/Ti composites, the rolling direction-normal direction (RD-ND) sections of the ARB processed specimens were observed by eld emission scanning electron microscope (SEM, JEOL JSM-7001F) with the back-scattering mode. The samples were prepared by grinding and mechanical polishing. The microstructural characterization of Cu and Ti layers in the composite after the fourth ARB cycle was carried out by transmission electron microscopy (TEM) at 200 kV (Tecnai G 2 20, FEI). The selected sections for TEM observation were parallel to the rolling plane and all areas were close to the middle-thickness of the composite. The thin foils were prepared by twin-jet electro-polishing in a solution consisting of nitric acid (HNO 3 ) and methanol (CH 3 OH) with a volume ratio of 3:17.
XRD measurements were carried out on the rolling plane of the ARB processed sheets to identify the phase composition. The scans were performed by an X-ray diffractometer (XRD, Smartlab, Rigaku) operated at 40 kV and 200 mA using Cu Kα radiation with a wavelength of 0.1544 nm. The measurements were conducted over a 2θ scanning range from 35 to 100 using a step size of 0.02 and a counting time of 4 s per step.
Mechanical properties
The mechanical properties of the Cu/Ti multilayers were evaluated by performing tensile tests and hardness measurements. The tensile samples were machined into dog-boned shape with the tensile direction parallel to RD. The gauge length and width were 13 mm and 3 mm, respectively. The tensile tests were performed at room temperature (RT) on the AG-Xplus 100 kN testing machine with a nominal strain rate of 10
. The microhardness was measured on the longitudinal section (RD-ND plane) of the ARB processed composites using a 401 MVD TM digital sclerometer under an applied load of 50 g for 15 s. In the middle-thickness of each composite, at least 15 measurements at different locations were taken for the individual metals, so as to obtain average microhardness values for both Ti and Cu.
Results and Discussion
Assessment of lamellar structures
The SEM micrographs of Cu/Ti composites after various ARB cycles are shown in Fig. 1 . In all the samples, Cu and Ti layers are bonded well. Also, the Cu-Cu interfaces introduced after the rst cycle are rarely observed in the composites subjected to more ARB cycles, indicating the good interfacial bonding of the composites. After the rst ARB cycle, curvature of the interfaces between phases has occurred ( Fig. 1(a) ). With increasing cycles, the thickness of both Cu and Ti decreases. After the second cycle, Ti layers are more severely curved to neck ( Fig. 1(b) ), fracture ( Fig. 1(c) ) and even segregate ( Fig. 1(d) ), as indicated by arrows in the gures. Considering the signi cant inhomogeneity of the deformed microstructure, it is dif cult to quantify the average thickness for the respective metals. Thus only the nominal layer thickness after each ARB cycle is given, as listed in Table 1 . Moreover, some lenticular nodules as a result of fragmentation and necking of Ti are produced in the microstructure, which is the most prominent feature in the ARB process. The occurrence of necking and discontinuity of the hard metal with relatively large strength and work hardening ability has also been reported for many other material systems [28] [29] [30] [31] [32] , due to the formation of shear bands (shown by dashed lines) across the different metal layers during deformation. The thickness distribution of Ti layers along RD is inhomogeneous, whereas the thickness reduction of Cu layers is more homogeneous. In this case, the continuous Cu matrix acts as a transfer media of load from Cu to Ti and Cu lls up all spaces between the different Ti layers, which may be bene cial for the conductivity application 1, 33) . Generally, the plastic instability caused by the different ow properties of the constituent metals makes the hard phase (Ti) neck and nally rupture during the co-deformation of dissimilar metals 3, 7) , thus the soft phase (Cu) preserves the coherency in most of the regions during the ARB processing. In Figs. 1(c) and (d), macroscopic shear bands that cut through several Ti layers can be clearly identied. The substantial necking in the Ti layers causes the Cu layers to shear approximately at an angle of 45 to RD, which has also been observed in Al/Zn composites fabricated by ARB 28) . During the ARB processing, the soft Cu layers are stretched more severely along RD than the hard Ti layers. Therefore, signi cant shear stress is concentrated at the interfaces. The in-plane shear stress at the phase boundaries leads to the formation of shear bands in the Cu layers. Min et al. 7) proposed that in a multilayered microstructure shear bands move into the hard layers due to their lower formability and the bands cause failure of the layers, which is consistent with the current observation. In addition, at larger ARB cycles the distribution of Ti layers in the form of small parts inside the Cu matrix is more dispersive inside the RD-ND plane, as shown in Fig. 1(d) . This is attributed to the fact that the outer surfaces of the previously processed composite are placed in the interior of the subsequent ARB stack. The continuous transformation leads to a homogeneous internal structure, even though different macroscopic shear strains imposed by friction with the rollers are introduced into the different thicknesses. Figure 2 shows the XRD pattern of the Cu/Ti composite fabricated by four ARB cycles. Only the peaks from titanium and copper phases are identi ed, indicating that at the phase boundaries only diffusion between the constituent metals occurs and no metallic phases are formed during the repeated rolling processing.
Mechanical properties
To study the effect of the number of ARB cycles on the tensile properties of the Cu/Ti multilayers, uniaxial tensile tests along RD are conducted for the ARBed composites. Figure 3 shows the engineering stress-strain curves as well as the true stress-strain curves of the composites. The stress-strain curves of the starting annealed Cu and Ti sheets are also presented for comparison. It is shown that both yield strength and ultimate strength of the composites increase with elevated ARB cycle numbers. As mentioned in other studies 7, 26) , this is attributed to strain hardening and grain re nement of the constituent metals. After the fourth cycle, the maximum yield strength and tensile strength reach 325 MPa and 395 MPa, respectively. The tensile strength of this sample is around 0.5 times higher than that of the primary copper, and is only slightly lower compared to the primary Ti. In the current study, grains within the Cu layers are fully recrystallized during the ARB process due to the high rolling temperature and interval reheating. Therefore, the increasing strength of the ARBed composite can be mainly attributed to the Ti layers. On the other hand, as the ARB cycle increases, the maximum elongation of the composite decreases gradually. This is attributed to the limited dislocation mobility of the composites after more ARB cycles. However, the continuous elevation of the true stress with the true strain are observed for all the samples within the plastic deformation range (see Fig. 3(b) ), indicating the certain work hardening ability of the studied lamellar composites. The maximum elongation among the studied ARBed composites is 31%, a 55% rise from the starting pure copper. Microhardness variation of Cu and Ti layers at the middle-thickness of the ARBed composites is presented in Fig. 4 . It is obvious that Ti shows a higher average hardness than Cu at different ARB cycles. For the 1 3 cycles, the hardness in Ti layers increases with increasing ARB numbers. During these cycles, strain hardening that is related to the enhanced dislocation density and interaction among the dislocations may lead to the increasing microhardness of Ti. For the composite after the fourth ARB cycle, however, the room temperature dynamic recovery can be enhanced in the microstructure with ultra ne grains, due to the creation of non-equilibrium, high-energy and unstable grain boundaries (high-angle grain boundaries) 34) . Thus dislocation annihilation during the indentation testing leads to a decreasing hardness of the Ti layers. During the whole period of ARB, the hardness of Cu only shows a minor increase. This is because the Cu layers are fully recrystallized during the warm ARB processing as well as the intermediate annealing. This result is similar to the hardness variation of Mg layers found in Mg/Al composites 19) , which was also attributed to full recrystallization of the metal during the whole ARB processing.
To this stage, it can be deduced that the increase of strength in the composites during the ARB processing mainly result from the reinforcement of the Ti layers.
It should be noted that the evolution of strength in the multilayered Cu/Ti composites is different from that in most ARB processed materials by various cycles at room temperature 19, [35] [36] [37] . The literatures have shown that strength of the multilayers dramatically increases with increasing ARB cycle numbers, accompanied by the sharp decrease of uniform elongation. This is ascribed to the signi cant strain hardening as well as grain re nement of the constituent metals. However, in the current work, Cu/Ti multilayers only show a mild increase of strength during ARB processing and at the same time the ductility of the multilayers is retained. The ow stress of the Cu/Ti composites stands between that of the constituents, which agrees with the rule of mixture 38, 39) . The mechanical behaviors of the composites found here can be attributed to the microstructures formed during the applied ARB route, as will be shown in the next.
Microstructures
Figures 5-6 show the TEM microstructures of the Cu/Ti composite processed after four cycles. Two characteristic morphologies are observed in the Ti layers: One is the microstructure with high densities of dislocation tangles/networks distributed in nearly equiaxed grains of 200 nm (Fig. 5(a) ), i.e., a similar morphology observed in the room-temperature ARBed pure Ti by Terada et al. 18) . Complicated ring-like diffraction pattern is found in the selected area, indicating that the area involves nano-sized crystallites with a variety of orientations. The other morphology is the sub-grain cells with a mean size less than 200 nm recovered from the dislocation structure (Fig. 5(b) ). The selected area diffraction also shows a ring-like pattern composed of some speci c orientations. Ti has a very low thermal conductivity (17 W m
18) compared with Cu (376.8 W m
). Thus, the signi cantly low dislocation density within the sub-grain region of the Ti layers is assisted by the remarkable temperature increase in some local area with large strain, such as shear bands. For the Cu layers, some dislocations can still be identi ed (Fig. 6(a) ). Whereas a considerable amount of annealing twins with prominent morphologies, such as step-shaped twins are clear- ly evident (Fig. 6(b) ). This con rmed that recrystallization and even grain growth are the most important features for Cu when the composite is fabricated at 300 C. The mixed microstructures in the both Ti and Cu contribute to the limited increase of strength and the retained ductility of the bulk composites during ARB. ARB has been previously utilized for other material systems composed of at least one hcp metal, such as Ni-Ti 5) , Al-Mg 10, 19, 26) and Nb-Zr 40) . According to those, ARB is usually carried out at temperatures lower than 0.5 T m (T m : melting point), so as to prevent signi cant grain growth of the constituent metals. In this work, however, ARB is only an effective method to produce ultra ne grains in Ti but not in Cu. The application of warm bonding is due to two facts. First, when ARB is performed at low rolling temperatures, bonding quality between the Cu and Ti layers would be poor; Second, for a co-deformed multilayered composite, as strain has to be accommodated between the adjacent phases, then strain localization in the form of shear banding tends to occur readily. In this case, if ARB is performed at an appropriate temperature where suf cient slip systems are activated in the constituent metals, shear banding can be suppressed and homogeneous deformation of each layer becomes possible. Therefore, the large thickness reduction of 65% together with the bonding temperature of 300 C applied here contribute to the both homogeneous lamellar structures and excellent interface bonding quality.
Mechanical stability of the annealed composites
Mechanical stability of the ARB processed Cu/Ti lamellar multilayers after annealing is examined in this section. First, the one-cycle-ARBed composites are annealed at 300 C, 500 C and 800 C for 60 min, respectively, and then cooled in furnace. Subsequently, the annealed composites are cold rolled at room temperature to reach a total reduction of 50% in thickness. This reduction is achieved at an engineering strain of 10% in each pass of deformation. Figure 7 shows that after 50% cold rolling, cracks are absent at the Cu-Ti interfaces in all the samples, indicating the good ductility of the constituent metals as well as the excellent bonding quality of hetero-interfaces. Compared with the composites without annealing and after annealing at 300 C (Figs. 7(b) and (d) ), the cold rolled samples after annealing at 500 C and 800 C show the much atter interfaces between Cu and Ti (Figs. 7(f) and (h)). For the sample annealed at 800 C, a large number of massive intermetallic compound are observed at the Cu-Ti interfaces, which makes the interfaces become blurry (Figs. 7(g) and (i) ). After cold rolling, obvious cracks induced by the different deformation behaviors of the constituent metals appear on the compound (Figs. 7(h) and (j) ). The energy dispersive spectroscopy (EDS) analysis con rms the formation of the intermetallic compound CuTi at the interfaces. However, this does not lead to the reduced interface bonding or prominent deterioration of mechanical properties for the composites. From the stress-strain curves obtained by room-temperature tensile testing for those annealed samples (Fig. 8) , one can see that even though the composites have experienced high-temperature annealing up to 800 C, high ductility and considerable strength are retained. Namely, all the composites after annealing exhibit the desired work hardening ability and thus homogeneous deformation after large cold rolling reductions. On the other hand, in contrast to the unannealed sample, necking and fracture of Ti layers are seldom found in the annealed composites during the subsequent cold rolling, and, the interfaces between the metals are more at. In other words, shear banding that would prevail within the microstructures after large rolling reductions is suppressed in the subsequently heat-treated samples. The similar observation has also been reported in a recent work by Ardeljan et al. 40) . This validates the importance of applying intermediate annealing between the contiguous ARB cycles in this work (500 C for 90 min). So we can conclude that for the annealed composites, during the process of the subsequent cold deformation the constituent metal layers undergo a more homogeneous thickness reduction along ND than the unannealed ones, so that the former can maintain the both high strength and good ductility.
Conclusions
In the present work, multilayered Cu/Ti composites were fabricated by ARB process. The macroscopic lamellar structures, mechanical properties and microstructures of the composites were investigated. The mechanical stability of the composites after annealing was also evaluated. The following conclusions can be drawn:
(1) During the co-deformation of the Cu/Ti multilayers, Cu and Ti layers were well bonded. With the increasing number of ARB cycles, Ti layers with relatively large strength and work hardening ability started to neck, fracture and even segregate within the Cu matrix, which resulted in the most prominent feature of some lenticular nodules produced in the microstructure. This was attributed to the activation of shear bands across the multiple metal layers. At larger ARB cycles, the distribution of small fragmentations of Ti inside the Cu matrix was homogeneous.
(2) The yield strength and the ultimate strength of the Cu/ Ti composites increased with the increasing ARB cycles, while the maximum elongation decreased gradually. After the fourth cycle, the maximum tensile strength reached 395 MPa, which was around 0.5 times higher than that of the primary copper, and was only slightly lower compared to the primary Ti. The maximum elongation of the ARBed composites was 0.55 times higher than that of the annealed pure copper.
(3) For the Ti layers within the composites, the hardness increased with increasing ARB numbers from 1 to 3 cycles and a small decrease of hardness was found after the fourth cycle. For the Cu layers, however, during the whole period of ARB the hardness only shows a minor increase. Therefore, the increase of strength in the composites during the ARB processing mainly resulted from the reinforcement of the Ti layers. (4) In the Ti layers of the composites, there existed two characteristic morphologies: the intense dislocation tangles/ networks and the sub-grain cells with a mean size less than 200 nm. For the Cu layers, a considerable amount of annealing twins together with signi cantly low dislocation density was the prominent feature. The mixed microstructures in the both constituents lead to the limited increase of strength and the retained ductility of the composites during ARB.
(5) Compared with the composites without annealing or with annealing at 300 C, the Cu-Ti interfaces in the 500 C and 800 C annealed composites were much atter after cold rolling, indicating that annealing suppressed the formation of shear bands. Although the composites experienced high-temperature annealing, high ductility and considerable strength were retained, indicating the excellent mechanical stability of the composites after annealing.
